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Abstract 
Scheduling has long been a challenge to housing construction industry. It is critical to find a dynamic resource allocation 
mechanism that can fit into the intrinsically distributed subcontracting project and react to highly dynamic real-time event from 
construction site. An agent based scheduling mechanism is proposed at operation level to address the distributed decision making 
structure in housing construction context. An auction based negotiation protocol is presented to facilitate coordination among 
distributed scheduling agents. The proposed mechanism has been evaluated favorably in terms of load balancing and resource 
utilization under dynamically changing environment.   
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1. Introduction 
Scheduling considers the problem of allocating scarce 
resources to activities over time. It plays an important 
role in delivering projects on time and within budget [1-
2]. However, scheduling has long been a challenge to 
contractors in housing construction industry because of 
the intrinsically distributed subcontracting project 
delivery practice and the highly dynamic working 
environment. Moreover, with the emergent customer 
requirements on customization, contractors are 
confronted with larger variation in tasks, higher 
dynamics in tasks arrival, tighter project delivery time 
window, under which, traditional centralized scheduling 
approaches are no longer efficient [4]. Traditional 
scheduling techniques are applicable to centralized and 
deterministic setting. Deterministic approaches lack the 
ability to react to real-time events, which happened quite 
often in construction projects. Centralized approach 
cannot respond to system dynamics and requires prior 
knowledge about the problem instance, which is difficult 
to obtain in highly distributed construction project 
delivery systems. Basically, the object is to build the 
scheduling approaches for subcontractors in housing 
construction context to meet the following challenges: 
Distributed: Both information and decision making 
are distributed in construction project context. It is 
difficult to perceive global information or allowing any 
entity to make centralized decisions for others because 
subcontractors are self-interested decision making 
entities. However, activities that compete for scarce 
resources are interdependent among subcontractors, 
requiring the self-interested parties to coordinate, 
negotiate and cooperate to obtain globally satisfactory 
schedules. It is demanding to have a scheduling 
mechanism that enables distributed decision making; 
Flexible: The scheduling network for a customized 
housing construction project changes from time to time. 
Subcontractors enter for executing required activities 
when the commitment are set by the customers and 
leaves after completion. Their connections with 
preceding, concurrent or succeeding parties are dynamic 
over time. This not only requires a scheduling 
mechanism being distributed, but also being 
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invulnerable to dynamic changes in the structure of the 
scheduling problem; 
Dynamic: Uncertainties are inevitable and common in 
construction industry. Processing time for a given 
activity depends on customer requirements, availability 
and capability of the resource, needs for reworks etc, 
which may vary from a fixed rough estimation. In this 
case, scheduling mechanism should also be able to react 
to real-time events that are resulted from such 
uncertainties in a timely manner; 
It is desirable to have a scheduling mechanism that 
take into account the dynamic and distributed nature of 
the construction scheduling problem as well as temporal 
dynamics that are likely to happen. The objective of this 
research is to propose a scheduling mechanism that is 
able to dynamically allocation activities to scarce 
resources with the absence of a master scheduler in fully 
distributed environment. 
Agent-based approaches have been studied 
extensively in manufacturing domain as a promising 
way to deal with open and dynamic scheduling 
environment because of its decentralized, autonomous, 
coordinated, and rational nature [3][6-8]. In this paper, 
the scheduling problem is considered in the context of 
customized housing construction. By identifying the 
similarity and distinctions to manufacturing scheduling 
problems, an agent-based scheduling approach is 
proposed at operation level to facilitate decision making 
for subcontractors in housing construction context. 
2. Problem Descriptions 
2.1. Scheduling in Customized Housing Construction 
A typical construction project adopts subcontracting 
project delivery practice, which makes the scheduling 
problem inherently distributed. Construction activities 
requires wide range of skills (e.g., electrical, plumbing, 
iron work, HVAC and roofing) that can only be 
performed by specific skilled labor and tools. Thus, 
Specialty Contractors (SC) are selected by General 
Contractor (GC) to complete certain type of activities on 
the basis of performance specifications set forth by the 
Owners, Architects and Engineers. Most commonly, the 
involvement of SCs are established on contractual basis 
to GC only. There are no contractual agreements among 
SCs, which is problematic because construction 
activities are highly interdependent. In general, GC is 
expected to orchestrate all activities among 
subcontractors and take up the coordinator role in the 
scheduling process. However, because of the complexity 
and domain knowledge intensive nature of construction 
activities, GC, in practice, cannot make a global decision 
for all the involved parties. In practice, SCs construct 
their own schedules based contractual requirements, 
which indeed makes scheduling decisions in a 
distributed fashion.  
The emergence of customized housing project has 
brought large job variation into the scheduling concern. 
Firstly, customer requirements largely determine the 
difficulty level of an activity, which cannot be predicted 
beforehand. Secondly, such randomness will likely result 
in delay in processing an activity. As a consequence, if 
any postponement is needed for an activity, the 
execution of succeeding activities has to be rescheduled. 
Both uncertainties from duration of the activity and 
arrival of an activity can greatly affect the quality of a 
predefined schedule under highly dynamic environment. 
The take-it-for-granted fixed and deterministic settings 
on the duration of the activities are, in fact, dependent on 
the requirements of the activity, resource capability, and 
effectiveness of labors or machines. Such information 
may not be known at the beginning of the project, rather 
more reliable information can be obtained as it gets 
closer to the activity execution. 
Housing construction industry is confronted with 
emerging challenges from ever changing customer 
requirements, fundamental changes in project delivery 
practice, and fragmented nature of the industry. 
Traditional project planning and scheduling techniques 
oversee the scheduling problem in a centralized and 
deterministic way, which can no longer meet the 
requirements from customized housing context. It is 
imperative to have a scheduling mechanism that takes 
into consideration the decentralized scheduling problem 
in highly dynamic environment. 
2.2. Problem Formulation 
Suppose a resource allocation problem that consists 
of n tasks that is restricted by precedence requirements. 
Each task i is associated with a type k that maps to the 
type of resources needed to execute the activity. Any 
task i  will be given an earliest starting time ie and 
specified due date idd . There are K  sets of resource 
pool, containing at most kR type k operators. A capable 
operator in resource pool K  is denoted by kw . Each 
operator kw for a given task i will need ,i kwd days of 
execution. The decision variable for the resource 
allocation problem is the starting time is of task i
assigned to operator kw in resource pool K . The 
objective is to meet time window requirements. 
The aforementioned problem is derived from a 
general Resource Constrained Project Scheduling 
Problem (RCPSP), with resource dependent processing 
time of activities. A general RCPSP is an NP-hard 
problem [1] that are difficult to solve even with small 
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instances of problems. Searching for an optimal solution, 
given it exists, is computationally expensive.  
Apart from the difficulty in solving the mathematical 
model, the formulation of the model is difficult in 
practice because the variable, such as durations, 
deadlines, resource capacities, are hard to obtain at early 
stages of construction, especially in customized housing 
context. In practice, customized housing construction 
adopts a different project delivery practice from 
traditional housing construction. Since customer can 
customized many attributes that greatly affect the 
feasibility and difficulty of construction activities, the 
execution of an activity cannot be started unless 
customer requirements are known to the specialty 
contractors. The arrival of activities are also not 
predetermined, which greatly affect the efficiency in 
between activities. It is demanding to have the 
scheduling mechanism under customized housing 
context to be more reactive to real-time event and at the 
same time, retain the efficiency. 
3. Agent-based Resource Allocation Framework 
3.1. System Architecture 
 
Fig. 1. Multi-agent system structure in construction context 
A heterogeneous system structure (Figure 1) is 
designed to fit into the fully distributed decision making 
process in construction context. There are three types of 
agents, Project Agent, Activity Agent and Resource 
Agent. Project Agent has a bundle of activities pending 
for resources. The physical representative of Project 
Agent is the project manager that takes charge of the 
whole project delivery. Activity agents, usually the 
subcontractors and on site managers, receives request 
and prepare negotiation rounds with Resource Agents, to 
allocate resources. A Resource Agent represents each 
specific set of skilled labor, machine, tool, or open 
spaces that are needed in executing an activity. A 
knowledge base, presented by Directory Facilitator, will 
be used to match the type of activities who request for 
service and the type of resources who are capable of 
processing the activity. The Activity Agent, are oriented 
by deadline requirements and cost associated with the 
tasks while Resource agents can have many other factors 
to consider when evaluating a task, such as location of 
the task, probability of finishing it on time, amount of 
effort required, the margin of processing the activity etc. 
For Project Agent, the decomposition of tasks to activity 
agents are direct mapping and no negotiation are 
required. However, for Activity Agent and Resource 
Agents, since they have different goals regarding the 
final allocation of an activity, a negotiation mechanism 
that facilitates two self-interested parties to reach 
agreement on final allocation of resource will be needed, 
as explained in the following section. 
3.2. Negotiation Protocol 
Auction-based negation is more suitable to 
decentralized scheduling problem in construction 
context because of the nature of the problem. First of all, 
the tender and bidder setting map well to our resource 
allocation problem, where both activities and resources 
can reveal their preference and choice towards one 
goods that is pending for sale, which in our case, an 
empty slot that can be reserved for an activity. Secondly, 
the resource allocation problem is considered among 
resources that have different incentives. In our problem, 
the construction activities associated with a housing unit 
is going to be finished as soon as it releases. However, 
the resources are not always available and the decision 
of resources does not necessarily align with the activities. 
Therefore, the decision maker in our problem may have 
different objectives regarding their own profits or goal. 
Lastly, in construction industry, the subcontracting 
practice and distributed working environment keep 
valuable scheduling related information, such as the 
effectiveness and conditions of a resource or importance 
of an activity as private information. The desired 
scheduling mechanism should protect private 
information, while as the meantime enable limited 
information sharing to make the scheduling more 
effective. Therefore, auction-based approaches are more 
suitable to our problem domain because it enables bidder 
and tender (two parties of different goals) to share only 
partial information to reach an agreement.  
The auction-based negotiation protocol is derived 
from a sealed-bid auction mechanism. In this way, 
decision makers that compete for the same goods do not 
know the valuation of the good of other decision makers. 
The true value of different decision makers can be better 
revealed without getting into complicated discussion of 
strategic player under competitive environment. An 
auction-based negotiation protocol is designed for 
Activity Agents and Resource Agents to cooperatively 
determine the allocation of activities to resources. The 
164   Y. Wang et al. /  Procedia CIRP  28 ( 2015 )  161 – 166 
 
first-price seal-bid is modified to enable multiple auction 
rounds, so that activity agents can also retain a valuation 
for the activity. Here the Activity Agents is a tender for 
product (i.e., slots for execution) and Resources Agents 
bid for preferred activities. The complete process flow of 
agent interaction is shown Figure 2. Both Resource 
Agents and Activity Agents are actively involved in 
determining the allocation of resources to activities. The 
four basic interaction actions for constructing an auction 
round is depicted as follows: 
When a type K  activity is released, either its 
preceding activities have been scheduled or finished, the 
corresponding Activity Agent will request for bids from 
all the capable resources kw . Activity Agent will prepare 
a tuple of relevant information to potential bidders. The 
basic information includes: closure date for the bid, 
earliest start time of the activity, deadline of the activity, 
type of the activity, priority of the activity, expected 
duration of the activity and other information. After 
initiating the auction round, Activity Agent will wait 
until a time out event occurs. 
 
 
Fig. 2. Process flow for agent-based negotiation 
Resource Agent keeps a record of its own scheduled 
activities and obtains a set of empty slots to “sell”. In our 
framework, slots can have different length, as long as the 
time interval is continuous. It is assumed that a Resource 
Agent cannot accept schedules that result in overlaps on 
slots. When a new activity is requested for a bid, 
Resource Agent will evaluate all the scheduling 
alternatives for pending activities after adding a new 
activity to empty slot j based on its own evaluation 
strategy. Resource Agent will prepare a bid for the 
activities that maximize its own utility. In our proposed 
framework, two events will trigger the Send Bid action, 
either an auction is time out or utility exceeds a 
threshold for certain set of candidate activities. In this 
way, resource agents are enabled to dynamically adjust 
reserved value for given slots and wait for more 
preferable activities when current utilization of the 
empty slot is not high enough. 
Activity Agent will set a time window for receiving 
any bid. After time is out for the bidding round, Activity 
Agents receive from Resource Agent a tuple of expected 
finish time ,i kwf  for activity i  by agent kwW  and cost 
,i kwc  associated with the activity. Note that in this case 
,i kwc  associated with activity i is not necessarily the 
same as the profit ,i kwp perceived by Resource Agent, 
because incentive concerns tend to hide true value to 
local use. In this case, Activity Agent evaluates its own 
utility value for the bid based on ,i kwf  and/or ,i kwc . To be 
a rational player, Activity Agent accepts the bid that 
maximizes its own utility function. Since the Activity 
Agents are oriented by different goals, they may choose 
different bid award strategies. Three strategies are 
explored so that activity agents can apply in belief to 
obtain globally good scheduling solutions. The case that 
the entire bids are not preferred by Activity Agent is also 
considered. To simplify the explanation of negotiation 
process, any unsuccessful auction round will be 
terminated and new round will be set up for the same 
activity, which go back to 'Ask for Bid' stage of the 
negotiation protocol.  
After evaluation, Activity Agent have to send 'Accept' 
or 'Reject' notice to corresponding bidders to finish the 
auction round. In our proposed framework, the bidder 
will always accept an awarded bid because the designed 
preparing bid mechanism needs to guarantee that the 
already-sent bid is one of the candidate activities that 
maximize the utility of agent. Since Resource Agents 
have two ways of sending out a bid, either bids obtain a 
high utility or time out event occurs. In the first case, 
always accepting the bids is straight forward. For the 
latter case, it is assumed that bid evaluation and 
announcement is instant so that no better activities will 
arrive before further changes in utility can happen. 
Therefore, bidder will always accept the bidding result 
in our framework.  
Resource Agent, who has been awarded with the bid, 
will add the activity to its local schedule, which changes 
the number of empty slots. Resource Agent then need to 
rearrange all the pending activities to the new set of 
empty slots and evaluate candidate activities for bidding 
purpose. 
3.3. Bidding Strategy 
Let reserve value jq  for slot j  be the utility for the 
empty slot. When the expected utility gain ijp for 
schedule activity i  is greater than the expected utility, 
Resource Agent prepares a bid to activity i  with a value 
of the activity and expected finish time of the activity. 
The basic rationale is that Resource Agent has its own 
preference on a pending activity. Since the arrival time 
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of later activities in unknown, Resource Agent can 
reserve the empty slot for further activities if a higher 
utility can be obtained. Following the simple threshold 
decision rule, the performance of each Resource Agent 
is greatly affected by the choice of  jq  . When preferred 
activities seldom arrive or previous bid rarely got 
accepted, simply assigning a fixed value to jq  may 
result in low utilization of the resource. Therefore, a 
dynamic jq is needed such that when utilization rate of a 
resource is low, the reserved value is adjusted to be able 
to bid for more activities. 
The dynamic reserve value setting enables us to 
expand the negotiation mechanism to deal with 
rescheduling or react to real-time events. Resource 
Agents is aware of `^ 1 2, ,..., nA A A A activities required 
for bid. Resource Agents holds `^ 1 2, ,..., mS S S S  
empty slot. If 1 2,A A are pending for the same slot 1S , the 
reserve value for a given slot will be the highest utility 
that agent expects to gain from either or both of the 
activities,  i.e.,  
1 2 1 2
max( , , )j A A A Aq p p p p     (1) 
If Resource Agent expects more valuable activity for 
the slot, it will not send out any bid until time is out for 
the activity with currently the highest utility. 
3.4. Bidding Selection Strategy 
The global goal of the whole scheduling process is to 
minimize the total tardiness cost of activities. However, 
Activity Agents may hold a different goal and perceive 
effectiveness of its reaction to other agents using 
different set of strategies. In our proposed framework, 
three reasonable strategies are described that can be 
applied with different incentives.  
For an Activity Agent that perceives the total 
tardiness cost as the global objective, the most straight 
forward strategy for selecting a bid is to award bid with 
the earliest finish time. If the earliest finish time exceeds 
the deadline requirement, this strategy will result in least 
total tardiness cost. However, when considering different 
weight of tardiness for activities, the performance to the 
global solution is not guaranteed to be good. 
Project scheduling considers problems of allocating 
scarce resources to interdependent activities over time. 
Although the objective function for the global problem is 
to minimize total tardiness cost, there are cases where 
several scheduling alternatives can complete the project 
on time with extra resources and cost as payoff. The 
decision making is then to make a tradeoff between the 
time and cost related to resources. A total cost function 
is defined as: 
, , ,max( ,0)i kw i i kw i i kwTotalCost W f dd c    (2) 
Another strategy of the Activity Agent is to consider 
cost when deadline requirements are fulfilled. The 
underlying reason for this strategy is that in cases where 
deadline has been specified, finish activity before 
deadline do not further reduce tardiness cost. Therefore, 
the incentive to pay high effort on activities that is not 
quite urgent is quite low. This strategy intends to 
influence the allocation toward cheaper agent, who 
might have low effective rate in general.  
The bid award strategy basically follows the first-
price sealed bid auction. Whenever the bid achieves best 
utility value, the Activity Agent will award the bid. 
Three alternative utility evaluation strategies are 
explained that may help fully distributed agent to 
achieve the global performance. In the next section, the 
performance of our proposed negotiation protocols under 
different scenario setting will be explained, among 
which, different bidding and awarding strategies are 
compared and discussed. 
4. Experiment 
In the previous section, an agent-based scheduling 
mechanism is proposed that enables autonomous 
allocation of resources to activities by interaction among 
different types of agents. The fundamental question is 
the performance of our proposed method under dynamic 
environment. The performance of our proposed method 
is evaluated by looking at the number of on-time 
schedules under different activity arrival rates, different 
bid selection strategies. The construction activity is 
presented by Activity Agent and labor is denoted as 
Resource Agent. One skill set of resources, with three 
operators are considered that dynamically receive 
activities for scheduling. Each activity will have an 
expected time window, expected duration and priority. 
Resource Agents are initiated with a skill level and labor 
cost set in accordance with the skill level. Resource 
Agent evaluates the value of activities by sorting with 
expected duration first and apply a dynamic 
programming algorithm to find the best set of activities 
to bid for. Activity Agent can choose from three of the 
bid selection strategies as described in previous sections, 
which are, Earliest Finish Time First (EFTI), Lowest 
Cost Second (LCFI), and Tradeoff (TOI) for multiple 
rounds of auction. 
4.1. Single Round Auction v.s. Multiple Round Auction 
Resource Agent can reject all bids if none of them are 
satisfactory. The underlying reason is that the auction 
protocol is based on first-price sealed auction, meaning 
that resource agents do not know other agents’ decision.  
In such case, preferences of the Resource Agents are 
likely to conflict. Some activities tend to receive more 
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bids from Resource Agents while other agents receive 
less. When the number of bid is less, Activity Agent who 
always accepts one best bid so far may lead to worst 
case performance. Figure 3 shows that under the same 
bid selection strategy, multiple auctions round 
outperforms single auction round and the difference is 
large where EFI is the earliest finishing time with 
multiple auctions round. 
 
 
Fig. 3. Single auction round v.s. multiple auction round under EFT 
strategy 
4.2. Comparison of Different Bid Selection Strategies 
 
Fig. 4. Different bid selection strategies under exp(0.3) arrival rate 
Given that the global performance is measured by the 
number of on-time schedules, the performance of 
different bid selection strategies is compared in 10 
simulation rounds, each with the same random seed, 
which ensures that initiation of resource agents and 
arrival of activities are the same at each round. TOI 
strategy usually leads to the worst performance 
compared to EFTI and LCFI with activity arrival rate of 
exp (1) (Figure 4). Figure 5 shows that under the arrival 
rate of exp (0.3), EFTI tends to perform stably while 
TOI and LCFI fluctuate quite a lot. Still, in general, TOI 
results in the worst performance compared with the other 
two.  
5. Conclusion 
Scheduling considers the problem of allocating scarce 
resources to activities over time. It plays an important 
role in delivering projects on time and within budget. 
However, it has long been a challenge to housing 
construction domain because of the intrinsically 
distributed project delivery practice. Moreover, with the 
emergent customer requirements on customization, 
housing construction project scheduling are confronted 
with larger variation in tasks, higher dynamics in tasks 
arrival, tighter project delivery time window [5] under 
which, traditional centralized scheduling approaches are 
no longer efficient. In this research, the characteristics of 
scheduling problem under customized housing 
construction context is identified and propose a 
heterogeneous architecture for allocating resource at 
operation level. Auction based negotiation mechanism is 
adopted to facilitate distributed decision making among 
self-interested agents. By adapting simple bidding 
strategy and bid selection strategies, our propose 
negotiation mechanism is able to reach reasonable load 
distribution under dynamic environment. 
 
Fig. 5. Different bid selection strategies under different arrival rate. 
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